Standard solar cells heat up under sunlight, and the resulting increased temperature of the solar cell has adverse consequences on both its efficiency and its reliability. We introduce a general approach to radiatively lower the operating temperature of a solar cell through sky access, while maintaining its sunlight absorption. We present first an ideal scheme for the radiative cooling of solar cells. For an example case of a bare crystalline silicon solar cell, we show that the ideal scheme can passively lower the operating temperature by 18.3 K. We then show a microphotonic design based on realistic material properties, that approaches the performance of the ideal scheme. We also show that the radiative cooling effect is substantial, even in the presence of significant non-radiative heat change, and parasitic solar absorption in the cooling layer, provided that we design the cooling layer to be sufficiently thin.
Based on Shockley and Queisser's analysis, a single junction solar cell has a theoretical upper limit for power conversion efficiency around 33.7%
1 under the AM1.5 solar spectrum. Thus, while a solar cell absorbs most incident sunlight, 2, 3 there is intrinsically a substantial portion of absorbed solar irradiance that is not converted into electricity, and instead generates heat that, in turn, heats up the solar cell. Practically, the operating temperature of a solar cell in outdoor conditions is typically 50 − 55
• C or higher. [4] [5] [6] Such heating has significant adverse consequences for the performance and reliability of solar cells. The conversion efficiency of solar cells typically decreases at elevated temperatures. For crystalline silicon solar cells, every temperature increase of 1 K leads to a relative efficiency reduction of about 0.45%. 7 Furthermore, the aging rate of a solar cell array doubles for every 10 K rise in its operating temperature. 8 Therefore, there is a critical demand to develop effective cooling strategies for solar cell. Current approaches include conduction of heat to dissipation surfaces, 9 forced air flow, 10 hot water generation in combined photovoltaic/thermal systems, 11 and heat pipe based systems.
12, 13
In this work, we propose the use of radiative cooling to passively lower the temperature of solar cells under direct sunlight. The basic idea is to place a thin material layer that is transparent over solar wavelengths but strongly emissive at thermal wavelengths atop the solar cell. Such a layer does not degrade the optical performance of the solar cell, but does generate substantial thermal radiation that results in solar cell cooling by radiatively emitting heat to outer space. The Earth's atmosphere has a transmittance window between 8 and 13 microns, which coincides with the wavelength range of thermal radiation at typical terrestrial temperatures. Terrestrial bodies can therefore cool down by sending thermal radiation into outer space. Both night-time [14] [15] [16] [17] [18] [19] [20] [21] [22] and day-time 15, 23-27 radiative cooling have been studied previously. Most of these studies sought to achieve an equilibrium temperature that is below the ambient air temperature. For daytime, achieving sub-ambient radiative cooling requires reflecting over 88% of incident solar irradiance.
23 Solar cells, on the other hand, must absorb sunlight. Thus, unlike most previous radiative cooling works, 15, 23-25 we do not seek to achieve a sub-ambient equilibrium temperature. Instead, for a solar cell with a given amount of heat generated by sunlight absorption, our objective is to lower its operating temperature as much as possible, while maintaining the sunlight absorption. As a typical case, we consider crystalline silicon solar cells, representing about 90% 28 of solar cells produced worldwide in 2008. Crystalline silicon can absorb a substantial amount of sunlight, and has a very small extinction coefficient at thermal wavelengths at typical terrestrial temperatures. Thus, crystalline silicon solar cells represent a worst case scenario as far as radiative cooling is concerned, since they emit very small amounts of thermal radiation. In our simulations, as a model of the optical and thermal emission properties of a silicon solar cell, we consider the structure shown in Fig. 1a , which consists of a 200 µm-thick crystalline Si layer 29 atop an aluminum reflector. The silicon is p-doped at a concentration of 1.5 × 10 16 cm −3 , which represents the typical base material of a crystalline silicon solar cell. 29 To achieve radiative cooling of the cell, we then add a variety of structures atop the solar cell and facing the sky, as shown in Figs. 1b-d. These additional structures typically consist of silica.
To analyze the cooling performance of the structures shown in Fig. 1 , we use the following procedure that integrates electromagnetic and thermal simulations. We start with an electromagnetic simulation of the structure using the Rigorous Coupled Wave Analysis (RCWA) method. 30 Over thermal wavelength range, the simulation results in an absorptivity/emissivity spectra (λ, Ω). This spectrum is then used to compute the net radiative cooling power
where
is the power radiated by the structure per unit area. Here T Emit is taken to be the temperature of the top surface and will be determined self-consistently when we combine the electromagnetic and thermal simulations. dΩ is the solid angle integral over a hemisphere. I BB (T, λ) is the spectral radiance of a blackbody at temperature T . And
is the power absorbed from the atmosphere at ambient temperature. The angle-dependent emissivity of the atmosphere is given by 30 µm, and with 5-degree angular resolution across the hemisphere. We note that we take into account the temperature dependence of the permittivity of doped-silicon 31 in the electromagnetic simulations, and the absorptivity/emissivity spectra are calculated for various temperatures of solar cells. The permittivity of silica has negligible temperature dependence.
We also use the electromagnetic simulation to determine the spatial profile of solar absorption within the silicon solar cell structure. By assuming a total heating power of the solar cell, which in practice corresponds to the difference between the absorbed solar power and extracted electrical power, we can then determine a spatially dependent heat generation rateq(z) within the silicon region.
The results from the electromagnetic simulations are then fed into a finite-difference based thermal simulator, where we simulate the temperature distribution within the structure by solving the steady-state heat diffusion equation
where T (z) is the temperature distribution. In Eq. 4, the thermal conductivity κ of silicon and silica are 148 W/m/K and 1.4 W/m/K, respectively. 32 The schematic of the simulation procedure is shown in Fig. 2 , where the vertical direction aligns with the z axis.
The simulated region consists of the silicon solar cell and the silica structure on top. At the upper surface, we assume a boundary condition:
to take into account both the cooling effect due to radiation, as well as additional non-radiative heat dissipation due to convection and conduction, as characterized by h 1 . At the bottom surface, we assume a boundary condition
to characterize the non-radiative heat loss at the bottom surface. The solution of the heat equation results in a temperature distribution T . The temperature of the upper surface is then used as T Emit in Eq. 5 and input back into the boundary condition, and the heat equation is then solved again. This process is iterated until self-consistency is reached, i.e. until the temperature of the upper surface no longer changes with iteration. The operating temperature of the solar cell is then defined as the spatially averaged temperature inside the silicon region. As a typical scenario, we consider the ambient surrounding both sides of solar cell to be at 300 K. The non-radiative heat exchange coefficients are h 1 = 12 W/m 2 /K and h 2 = 6 W/m 2 /K, corresponding to wind speeds of 3 m/s and 1 m/s, 24 representing typical conditions.
Using the numerical procedure outlined above, we now present simulation results on the configurations in Fig. 1 . Without any radiative cooling structure on top, the solar cell structure shown in Fig. 1a (which we will refer to as the "bare solar cell" below) heats up substantially above ambient temperature for varying solar heating powers (Fig. 3, blue curve) . At 800 W/m 2 solar heating power, which corresponds approximately to the expected heat output of a crystalline solar cell under peak unconcentrated solar irradiance, the bare solar cell operates at 42.3 K above ambient.
To radiatively cool the solar cell, our design principle is to place on top of the bare solar cell a layer that strongly emits at thermal wavelengths, while being transparent at solar wavelengths. To illustrate the theoretical potential of this approach, we first consider the ideal scenario (Fig. 1b) where the added layer has unity emissivity in the wavelength range above 4 microns, and has zero emissivity below 4 microns. Such a layer has maximal thermal radiation power, and in the meantime does not absorb sunlight, and hence has maximal radiative cooling power. With such an ideal layer added, the solar cell operates at a significantly lower temperature (Fig. 3, green  curve) , as compared to the bare solar cell. At 800 W/m 2 solar heating power, the solar cell with the ideal cooling layer operates at a temperature that is 18.3 K lower, compared to the bare solar cell. The calculation here thus points to the significant theoretical potential of using radiative cooling for solar cells.
To implement the concept of radiative cooling for solar cells we consider silica as the material for the cooling layer. Pure silica is transparent at solar wavelengths and has pronounced phonon-polariton resonances, and hence emissivity, at thermal wavelengths. Standard solar panels are typically covered with glass, which contains 70% to 80% silica, 33 and therefore potentially has some radiative cooling benefit already. As we will show here, however, the cooling performance of a thick and flat layer of silica is substantially lower than the theoretical potential. Furthermore, as we discuss later, typical solar absorption in glass significantly counteracts the potential radiative benefit it provides. Emulating the geometry of a typical solar panel cover glass, we examine a thermal emitter design consisting of a 5 mm-thick uniform pure silica layer atop the bare solar cell (Fig. 1c) . The use of the 5 mm-thick uniform silica layer (Fig. 3, red curve) as thermal emitting layer does enable an operating temperature substantially lower than that of the bare solar cell. However, the radiative cooling performance of 5 mm-thick uniform silica is inferior to the ideal scenario. With 800 W/m 2 solar heating power, solar cell with 5 mm-thick uniform silica operates at a temperature 5.2 K higher than the ideal case (Fig. 3, green curve) .
We now present a microphotonic design, as shown in Fig. 1d , which has performance approaching the ideal case. The thermal emitter design consists of a two-dimensional square lattice of silica pyramids, with 4 µm periodicity and 20 µm height, atop a 100 µm-thick uniform silica layer. We refer to this design as a "silica pyramid" design below. Such a silica pyramid design substantially lowers the temperature of the solar cell (Fig. 3 , cyan curve). It substantially outperforms the 5 mm-thick uniform silica design, and has nearly identical performance as the ideal scheme. With 800 W/m 2 solar heating power, the temperature reduction of the silica pyramid design is 17.6 K, compared with the bare solar cell. Using literature, 7 we estimate that such a temperature drop should result in a relative efficiency increase of about 7.9%. If the solar cell efficiency is 20%, this temperature reduction corresponds to a 1.6% absolute efficiency rise, which is a significant improvement of solar cell efficiency.
To reveal the mechanism underlying the different cooling performances, we examine the emissivity spectra of the different designs over thermal wavelengths in Fig. 4 . The bare solar cell only has small emissivity over thermal wavelengths (Fig. 4, blue curve) . Accordingly, the solar cell heats up substantially.
For the ideal case (Fig. 4, green curve) , the emissivity at thermal wavelengths is unity, which enables the structure to radiatively cool maximally.
For the uniform silica layer (Fig. 4, red curve) , the emissivity at thermal wavelengths is considerable. However, the emissivity spectrum shows two large dips near 10 and 20 microns respectively. These dips correspond to the phonon-polariton resonances of silica. Over these wavelengths, silica has a large extinction coefficient, and there is a strong impedance mismatch between silica and air. The large impedance mismatch results in large reflectivity, and accordingly small absorptivity and emissivity. These dips coincide with the 8 − 13 µm atmospheric transmittance window and a secondary atmospheric transmission window at 20 − 25 µm, 25 respectively. Furthermore, the dip near 10 microns coincides with the peak blackbody radiation wavelength for the typical terrestrial temperature. Therefore, the cooling capability of 5 mm-thick uniform silica is inferior to the ideal case.
The silica pyramid design however has emissivity close to unity at the whole range of thermal wavelengths (Fig. 4, cyan curve) . Comparing with the uniform silica structure, we observe that the use of silica pyramids eliminates the two dips near 10 and 20 microns. For silica pyramid design, the absence of features associated with silica phonon-polariton resonances is achieved by providing a gradual refractive index change at these wavelengths to overcome the impedance mismatch between silica and air.
We here focus on designing a thin material layer that generates significant thermal radiation, while being optically transparent so that it does not degrade the optical performance of solar cell. The silica pyramid has a size of several microns, and is significantly larger than the wavelengths in solar spectrum. Due to this strong size contrast, the silica pyramid does not degrade the solar absorptivity. This remains true even in the presence of anti-reflection layer. Practical solar cell structures cool down through non-radiative cooling process. The top surface of the cell structure may be exposed to wind, while additional cooling systems may be put at the bottom of the cell. These non-radiative cooling mechanisms are characterized by h 1 and h 2 coefficients in Eqs. 5 and 6. Here we evaluate the impact of radiative cooling as we vary the strength of these non-radiative cooling mechanisms. As an example we fix the solar heating power to be 800 W/m 2 . In general, as expected, as we increase the strength of non-radiative cooling mechanisms, the solar cell temperature decreases. The impact of radiative cooling, as measured by the temperature difference between the bare solar cell and the cell structures with radiative cooling layers, also decreases. Nevertheless, even in the presence of significant non-radiative cooling, radiative cooling can still have a significant impact. For example, as shown in Fig. 5a , with h 1 = 40 W/m 2 /K, which corresponds to a wind speed of 12 m/s on the top surface, 24 the temperature difference between the bare solar cell and the cell with silica pyramid is still as high as 5.3 K. We also note that in the presence of strong non-radiative cooling, the impact of radiative cooling is more significant in the thin silica pyramid structure as compared to the thicker uniform silica structure. This is related to the larger thermal resistance associated with the thicker silica structure, which further diminishes the benefits of the radiative cooling.
In the simulations above we have assumed the use of silica which is transparent in the solar wavelength range. In practice, the glass used as solar panel cover contains 70% − 80% silica, with the rest being N a 2 O, CaO, M gO,
33 Glass therefore has non-negligible amount of absorption in the solar wavelength range. To assess the sensitivity of the radiative cooling performance to the sunlight absorption inside the thermal emitter, we add a constant absorbance to the dielectric function of silica over solar wavelengths, for devices in Figs. 1c and 1d , and compute the resulting solar cell temperature as a function of the added absorbance, as shown in Fig. 6 . In Fig. 6 , the 5 mm-thick uniform silica design is sensitive to possible absorption of solar irradiance inside the thermal emitter. With a relatively small absorbance as 0.2 cm −1 , its operating temperature increases by 5.2 K, reducing by nearly half the radiative cooling benefit of using 5mm-thick silica. In contrast, the performance of the silica pyramid design remains almost unchanged for this level of absorbance of solar irradiance inside thermal emitter. The large contrast in the sensitivities to solar absorption inside thermal emitter between the two designs, results from the contrast in the thickness of the thermal emitter.
In summary, we have introduced the general principle of radiative cooling of solar cells. We identify the ideal scheme as placing a thin visibly-transparent ideal thermal emitter atop the solar cell. While conventional solar cells have a thick cover glass panel, we show that such a glass panel can only have limited cooling performance due to its inherent thermal resistance and solar absorption. We have designed a thin, microphotonic thermal emitter based on silica pyramid arrays that approaches the performance of the ideal thermal emitter.
We note that the choice of crystalline silicon solar cell is not intrinsic to the performance of the radiative cooling, and the idea of utilizing microphotonic design to enhance thermal emission for solar cell radiative cooling should also apply to other types of solar cells.
Our study exploits the untapped degree of freedom for improving solar cell efficiency by engineering the thermal emission of solar cells by microphotonic design. Our analysis is based on direct simulation of threedimensional structures with realistic material properties, representing typical terrestrial photovoltaic operating conditions. Nevertheless, the photonic thermal emitter design that approaches the maximal radiative cooling capability for solar cells may provide additional opportunity for improving solar cell performance in space applications, where thermal radiation is the only cooling mechanism.
